The start date of vegetation growing season (SOS) is generally considered as an essential indicator to reflect vegetation growth condition. To date, relatively little research has explored the combined effects of temperature and precipitation on the responses of forest spring phenology to snow cover in detail. To investigate this, we applied the developed plant phenology index (PPI) derived from Moderate Resolution Image Spectroradiometer (MODIS) to estimate SOS over Northeast China from 2004 to 2018, and explored the relationship between SOS and climate variables, such as temperature, precipitation and snow cover. Our results indicated that winter snow cover dynamics had a significant effect on the forest spring growth in the following year. SOS showed a negative correlation with snow cover duration (SCD) and the ending date of snow cover (SCED), whereas had a positive correlation with the onset date of snow cover (SCOD). It implied that a longer SCD, later SCED and earlier SCOD would promote forest growth. Furthermore, we first revealed that SOS was more closely associated with the preseason temperature than winter temperature. Most regions exhibited a significant positive correlation with increasing preseason temperature, but the winter temperature showed an opposite pattern except for the cool-temperate needleleaf forest region. Meanwhile, SOS had a negative relationship with precipitation, especially for preseason precipitation. Furthermore, with increasing of temperature and precipitation in winter, the responses of SOS to snow cover phenology in temperate needleleaf and broadleaf mixed-forest region are contrary to that in the other three regions. During the period from SCED to SOS, the responses of SOS to snow cover phenology varied among different vegetation zones and the gradients of temperature and precipitation.
I. INTRODUCTION
The start date of vegetation growing season (SOS) refers to the timing of the annually recurring biological event in the growth, which reflects the beginning of vegetation photosynthetic activity. The variation in SOS generally has direct linkages to climate change. Previous researches have reported The associate editor coordinating the review of this manuscript and approving it for publication was Lefei Zhang . that SOS is occurring earlier in the Northern Hemisphere [1] , [2] . The shifts in SOS will exert a significant impact on carbon sequestration, ecosystem productivity, and energy balance [3] , [4] . In particular, forests, as one of the most extensive parts of the Earth's surface in the structure of vegetation, are greatly affected by the climate. The largest collection of atmospheric carbon dioxide is also mainly carbon sequestration in forest ecosystems. Thus, forests are critical systems for controlling global change and creating a natural balancing mechanism. In recent decades, the forest ecosystem exhibits significant changes and has been investigated in the regional and hemispheric scales in recent decades [5] , [6] , whereas relatively little research has fully explored the climate triggers and how they influence the forest phenology. Therefore, comprehensive analyses in the impacts of climate change on forest growth dynamics are imperative to enrich our understanding to cope with the future climate change, especially in the regions with fragile and unstable ecological environment.
Northeast China located at the middle latitudes in Northern Hemisphere. 40% of the study area is forest cover, which is regarded as a strategic forest resource reserve and an important ecological green barrier in China [7] , [8] . Furthermore, it is also one of the three primary stable snowcovered regions in China. Melting snow supplies abundant freshwater resources for vegetation activities [9] , [10] . With global climate change, snow depth (SD) has a significant increase in winter, together with a decrease in spring during 1960-2013 [11] . The variations of snow cover would change the water cycle and energy exchange, which has an inevitable impact on vegetation growth. Considering the influence of snow cover, investigating the responses of SOS to snow cover dynamics is also essential in Northeast China.
In recent years, many studies have noted that the responses of SOS to snow cover varied among vegetation types, climate conditions, and spatial location. For example, Wang et al. [12] found that alpine steppes spring phenology has a stronger negative relationship with snow cover duration (SCD) than other vegetation types the Tibetan Plateau. Additionally, SOS of most regions exhibited positive correlations with the ending date of snow cover (SCED), while a contrary response was found in the warm-dry regions. Snow cover can supply moisture and protect tree roots from severe cold conditions [13] - [15] . Also, snow cover changes are mainly controlled by temperature and precipitation, as well as vegetation growth [16] , [17] . The increased winter precipitation with cold temperature would cause thicker snow cover. Abundant snow cover would provide sufficiently for vegetation growth, which also needs more heat to melt that would result in a lower spring temperature [18] . For instance, warming temperature would reduce winter snowfall and shorten the duration of snow cover, thereby increasing the possibility of soil freezing. A recent study also found that increasing maximum temperature (Tmax) and minimum temperature (Tmin) have asymmetric effects on the SOS. Piao et al. [19] speculated that increasing Tmax may be more efficient for fulfilling the heat requirement for leaf unfolding rather than Tmin. However, Shen et al. [20] reported that SOS was more closely associated with winter and spring Tmin, which may be because rising spring Tmin would reduce frost damage [21] . To understand the underlying mechanisms of variations in forest vegetation, we analyze the combined effects of temperature and precipitation on the responses of spring phenology to snow cover dynamics in forest regions of Northeast China.
This study applied a developed plant phenology index (PPI) derived from Moderate Resolution Image Spectroradiometer (MODIS) to estimate SOS during 2004 -2018. Three snow cover parameters (including SCD, SCOD, and SCED) were extracted from the combination of MODIS and Interactive Multi-sensor Snow and Ice Mapping System (IMS). The main objectives of this study are to (1) quantify the spatiotemporal variance of forest spring phenology and winter snow cover phenology in Northeast China;
(2) explore the relationships between SOS and the snow cover dynamics; (3) investigate the responses of forest spring phenology to average temperatures (including Tmax and Tmin) and average precipitation in winter and preseason period. This paper is organized as follows. Section II briefly describes the data and methods used in the study. Section III describes in detail the combined effects of precipitation and temperature on the responses of SOS to snow cover phenology. Discussion is presented in Section IV. Finally, the main concluding remarks are given in Section V.
II. MATERIALS AND METHODS

A. STUDY AREA
This study area locates in the northeast of China (38 • 72'-53 • 55'N, 115 • 09'-135 • 52'E), which includes Liaoning, Jilin and Heilongjiang Provinces and eastern Inner Mongolia (Fig. 1a ). This region is surrounded by mountains, i.e., the Changbai Mountains, the Greater Khingan Mountains, and the Lesser Khingan Mountains (Fig. 1a ). The average elevation is 1600m. Forest distribution is obtained from a scale of 1:1,000,000 a Chinese land cover map, accounting for 40% of the total area [22] (Fig. 1b ). Forest cover widely distributes in the mountainous area [23] . The vegetation is divided into four vegetation zones: cool-temperate needle leaf forest region, temperate needleleaf and broadleaf mixedforest region, warm-temperate deciduous broadleaf forest region, and temperate steppe region (Fig. 1b ). The geographical location of this region creates a unique climatic condition. Winter mean snow depth is 20cm, with snow cover from December to March [11] . Mean winter temperatures show significant spatial heterogeneity with increasing from north to south, ranging from −36 to −2 • C (mean value = −20 • C). Besides, 70-80% of total precipitation occurs from mid-Jun to mid-Aug and decreases from east to west. In recent years, this region is undergoing dramatic environmental change with rapidly increasing temperature and changing winter snow cover, and has become one of the most sensitive areas of vegetation ecological responses to climate change.
B. DATASETS
In this study, we used the MODIS Nadir bidirectional reflectance distribution function (BRDF)-Adjusted Reflectance (NBAR) dataset to compute the plant phonological index (PPI) from 2004 to 2018. MODIS NBAR data is a non-ratio based spectral index that requires standardized VOLUME 7, 2019 reflectance corrected for sun-sensor geometry [24] . MODIS MCD43A4 (collection 5) product is characterized by a 500m spatial resolution and 16-day temporal interval [25] . This product contains the required reflectance data (including near-infrared and red band) and a zenith angle at local solar noon for computation of PPI, which can be obtained from the Land Processes Distributed Active Archive Center (LPDAAC, https://ladsweb.nascom.nasa.gov).
The snow cover parameters were computed by combining three snow cover products (including MOD10A1 (500m resolution), MYD10A1 (500m resolution) and IMS (4km resolution)). The overall accuracy of MODIS products can reach 90% in clear sky condition. IMS is a cloud-free snow cover product, which is derived from multi-sources data (e.g., visible and infrared imagery, passive microwave data, and ancillary data) [26] . Three products are available at the National Snow and Ice Data Center (NSIDC, http://nsidc.org).
Daily gridded climate data including maximum (Tmax) and minimum (Tmin) temperature and average precipitation (PRE) from 2004 to 2018, with a spatial resolution of 5km × 5km, were obtained from the Chinese Meteorological Data Sharing Service System (http://data.cma.cn/). To be consistent with the NBAR data, we applied the kriging interpolation method in resampling climate data to 500m × 500m spatial resolution [27] .
C. PLANT PHENOLOGY INDEX (PPI)
Previous studies have reported that NDVI-retrieved vegetation phenology cannot accurately monitor plant canopy changes in snow-cover regions [28] , [29] . This study applied a new index (PPI) proposed by Jin et al. [30] . PPI employs the same spectral bands (e.g., NIR and red) as in NDVI, and has a linear relationship with leaf area index (LAI). The most desirable characteristic of PPI is free of the snowmelt effect when monitoring the vegetation growth dynamics during the start-of-season. The PPI is calculated as follows:
where NIR and red are near-infrared and red reflectance values, respectively. (NIR-red) max is the maximum reflectance difference between NIR and red. (NIR-red) soil is the reflectance difference between NIR and red for soil. K is a gain factor as follows:
where G is a geometric function of angular leaf distribution, d c is an instantaneous diffuse fraction of solar radiation, θ is the solar zenith angle.
D. SPRING PHENOLOGY EXTRACTION
In this study, we used TIMESAT software to process PPI data [31] . Firstly, the raw PPI data were filtered by this method to extract forest spring phenology over Northeast China. Then, we used an adaptive Savitzky-Golay filter to smooth and reconstruct the PPI time series data [32] . And the dynamic threshold of 20% was used to determine SOS as the time when PPI ratio was above the threshold in the upward directions [33] - [35] . The PPI ratio is described as follows:
where PPI t is the PPI value at time t. PPI max and PPI min are the maximum and minimum PPI values in a specific year, respectively.
E. SNOW COVER PARAMETERS CALCULATION
Due to the extent of contaminated cloud pixels in the MODIS data, we utilized MODIS Terra-Aqua (500m) with the IMS (4km) to combine into a new daily cloud-free snow cover [36] . Firstly, we combined the different observation times of Aqua (MYD10A1) and Terra (MOD10A1) to reduce part of cloud pixels [37] , [38] . Then, we used the three successive days method that the cloud-covered pixel would be replaced by the cloud-free observation of the prior day (or the subsequent day) [39] . Additionally, the four neighbor pixels method, based on the instance-based learning theorem, was used to remove some cloud pixels [40] , [41] . If four neighboring pixels of each cloud pixel had at least three pixels, then the cloud pixel was classified as snow pixel. Above all, we used IMS data to remove the remaining cloud pixels [36] . The snow cover parameters were calculated in each hydrological year (1 August to 31 July of the following year). SCOD was the first day when snow cover was observed for at least five consecutive days in a hydrological year [42] . SCED was the last day when snow cover was observed for at least five consecutive days [9] . SCD is the total snow-covered days in a hydrological year.
F. STATISTICAL ANALYSES
We used Sen's slope estimator to characterize the spatialtemporal trend of SOS and snow cover parameters during the period of 2004 to 2018, together with significance tests based on the robust non-parametric Mann-Kendall (M-K) trend test [43] . Compared with the linear trend based on the least squares method, Sen's slope estimator can not only reduce the interference of abnormal values in a time series, but also diminish the influence of missing time series observations and non-normally distributed data on the analysis results [44] . Therefore, it is widely used to detect the magnitude of the trend through analyzing long-term sequence datasets:
where x i and x j are the value at the time i and j, respectively. We defined preseason as the period from SCED to SOS. For the preseason period, we calculated average Tmax, Tmin, and PRE in each pixel as climate factors. Considering the effects of snow cover dynamics, we selected three snow cover parameters (i.e., SCOD, SCD, and SCED) and average winter (1 December to 28 February of the following year) Tmax winter , Tmin winter , and PRE winter as winter climate factors. To further assess the relationships between SOS and climate factors, the Pearson's correlation coefficients (R) is applied to investigate the relationship for each pixel, which can avoid the autocorrelations between independent variables [21] and reflect the strength of the relationships and the direction (e.g., positive or negative). Besides, a t-test was used to indicate the significance level (p-value) of the relationships, and p-value lower than 0.05 are considered to be significant. Then we selected the pixels with significant correlations (p<0.05) to further investigate the relationships among different vegetation zones and hydrothermal gradients.
III. RESULTS
A. SPATIAL PATTERNS OF SPRING PHENOLOGY AND SNOW COVER
The spatial patterns of the SOS, SCOD, SCD, and SCED were characterized by their average values from 2004 to 2018 (Fig. 2) . In general, the average SOS ranged from the 100 to 130 DOY (the day of the year), which is consistent with the previous study [45] . In addition, SOS presents a significant spatial heterogeneity, exhibiting an increasing trend from south to north. The characteristics are associated with the local climatic conditions and geographical locations. Due to higher latitude and altitude, the Greater Khingan Mountains experienced a long cold winter and had a later SOS in Northeast China. The Changbai Mountains had relatively earlier SOS, which may be due to the lower latitude and the effects of monsoons.
The spatial distribution characteristics of mean snow cover parameters (SCED, SCED, and SCD) showed significant spatial heterogeneity. Overall, the SCOD values ranged from 280 to 330 DOY in the study area. Especially in the regions with high altitude, SCOD occurred between later November and middle November. In contrast, the earlier SCED was found in the plains, and SCED occurred later with the increase of the latitude and altitude. The longest SCD was found in high mountain areas, including the north of Greater Khingan Mountains, part of Lesser Khingan mountains and Changbai mountains, where snowfall occurred earlier, and snow melts occurred later.
B. SPATIAL INTER-ANNUAL VARIATIONS OF SOS AND SNOW COVER PARAMETERS
The spatial inter-annual variations of SOS and snow cover parameters (including SCOD, SCED, and SCD) were calculated during the period from 2004 to 2018 ( Fig. 3) . Over the past 15 years, the study area exhibited significant spatial variability in the SOS and three snow cover parameters during the study period. This region showed an advancing trend in SOS with a rate of 0.79 days/yr. Besides, we calculated the inter-annual change trends of SOS in four vegetation zones. The results indicated that the SOS showed a significant advancing trend in cool-temperate needleleaf forest region (1.3 days/yr), the temperate needleleaf and broadleaf mixedforest region (0.82 days/yr), the warm-temperate deciduous broadleaf forest region (0.88 days/yr), and the temperate steppe region (0.79 days/yr). The distinct change trends of SOS may be related to the local climatic factors [20] . According to the spatial inter-annual variations of SCOD in Fig. 3b , the study area experienced an advanced trend in SCOD with a rate of 0.13 days/yr. A total of 62.3% of the study area showed a significant advanced trend, whereas the regions with delaying trend mainly distributed in most regions of Lesser Khingan mountains. In contrast, most regions exhibited an obvious delaying trend in SCED with a mean rate of 1.4 days/yr. In a part of the Greater Khingan Mountains, SCED had an advancing trend at an average rate of 0.74days/yr. In term of inter-annual variations of SCD, SCD exhibited opposing trends from the south to the north of Northeast China from 2004 to 2018. Most regions in the south showed an increasing trend, while the north area of Northeast China showed a decreasing trend, especially in the Greater Khingan Mountains (5.8 days/yr). This phenomenon also indicated that the snow cover in Northeast China experienced significant changes during the past decade, which would have important impacts on the terrestrial ecosystems and hydrological cycle. [18] , [46] - [48] .
C. CORRELATION ANALYSIS BETWEEN SOS AND SNOW COVER DYNAMICS
In this study, we used correlation coefficients to explore the meaningful relationships between snow cover dynamics and the associated responses of SOS. To better demonstrate the diverse spatial responses of SOS to snow cover dynamics, we divided response relationships into four groups relied on the directions of the variations of SOS and snow cover parameters. The pixels associated with increasing snow cover parameters and delayed SOS were categorized into the group A. This indicated that increasing SCD (later SCOD and SCED) would result in delayed spring phenology. Group B was characterized by decreased snow cover parameters (e.g., earlier SCOD, earlier SCED, and shorter SCD) and delayed SOS. Group C showed that the increase in snow cover parameters would lead an advancing SOS. The characteristic of group D was contrary to Group C.
As shown in Fig. 4 , the spatial response relationship between SOS and snow cover dynamics showed an apparent spatial heterogeneity. Most regions had a positive correlation 
(a) correlation coefficient between SOS and SCOD; (b) correlation coefficient between SOS and SCED; (c) correlation coefficient between SOS and SCD; (e) classification map of response relationships between SOS and SCOD; (f) classification map of response relationships between SOS and SCED; (g) classification map of response relationships between SOS and SCD; (h) statistics histogram of response relationships between SOS and SCD; (i) statistics histogram of response relationships between SOS and SCED; (j) statistics histogram of response relationships between SOS and SCD.
between SCOD and SOS, whereas some areas in the Less Khingan Mountains showed negative relationships. During the period from 2004 to 2018, earlier snow cover onset date had caused 70.42% of the study area with significant correlations to exhibit an advancing SOS, which mainly located in the Greater Khingan Mountains and Changbai mountains. In contrast, most regions had negative correlations between SOS and SCD, accounting for 58.6%. Group C displayed that longer SCD associated with earlier SOS covered the largest area. Nevertheless, a part of this study area (approximately 41.4%) exhibited a positive relationship. In terms of the response relationships between SOS and SCED, SCED presented similar spatial correlation patterns as the SCD.
D. CORRELATION ANALYSIS BETWEEN SOS AND TEMPERATURE AND PRECIPITATION IN WINTER AND PRESEASON PERIOD
To further explore how climate factors interacted to affect the vegetation growth, we also analyzed correlations between SOS and climate factors (Tmax, Tmin, and PRE) in winter and preseason period from 2004 to 2018 ( Fig. 5 ).
As shown in Fig. 5 , it can be seen that both winter temperature and preseason temperature played an important role in controlling SOS. Regarding the relationship between winter temperature and SOS, we found that SOS had positive correlations with winter temperature, which implied that rising winter temperature would delay SOS. While negative correlations were found in small regions of the Lesser Khingan mountains and Changbai mountains. In contrast to winter temperature, an increase in preseason temperature would lead to an advancing SOS. Meanwhile, the spatial correlation between SOS and preseason Tmax was similar to that of preseason Tmin. These results indicated that warming winter and preseason temperature had opposite impacts on forest spring growth in Northeast China.
We also investigated the effects of precipitation on SOS in winter and preseason period ( Fig. 5c and f) . The spatial distribution of correlation between SOS and precipitation exhibited obvious spatial heterogeneity. In addition, this correlation between SOS and preseason precipitation had similar spatial patterns as winter precipitation. Most regions showed a positive correlation with SOS, mainly distributed in the northwest of the Greater Khingan Mountains and Changbai Mountains, whereas the correlations between SOS and precipitation located in the northeast part of the Greater Khingan Mountains, part of the Lesser Khingan Mountains and eastern part of Changbai Mountains.
E. CORRELATION ANALYSIS IN DIFFERENT VEGETATION ZONES
The above spatial-temporal analysis indicated that forest might have diverse responses to climate conditions in different vegetation zones. Then we further explored the correlation between SOS and snow cover, temperature, and precipitation, respectively among four vegetation types in Northeast China (Fig. 6) . We observed that a significant positive correlated between SCOD and SOS in large regions except for temperate needleleaf and broadleaf mixed-forest region. Additionally, the positive correlation between SOS and SCD (R = 0.40), and SCED (R = 0.43) are displayed in temperate needleleaf and broadleaf mixed-forest region. While other regions exhibited a weaker positive correlation, only differing in the level of significance.
We also explored the relationships between SOS and temperature and precipitation in winter and preseason across different vegetation zones, respectively. As shown in Fig. 6 , the responses of forest spring phenology to temperature varied with eco-geographical zones and periods. For the effects of minimum temperature in the preseason period (SCED-SOS) on SOS, significant relationships were observed in the cool-temperate needleleaf forest region (R = 0.64), temperate needleleaf and broadleaf mixed-forest region (R = 0.62), warm-temperate deciduous broadleaf forest region (R = 0.63), and temperate steppe region (R = 0.65). Furthermore, we also found a significant positive correlation between SOS and maximum preseason temperature while a weaker positive correlation was seen in the cool-temperate needleleaf forest region (R = 0.45). Meanwhile, SOS showed similar response relationships with increasing winter maximum temperature and minimum temperature among four vegetation zones, but the correlation between SOS and winter minimum temperature showed an opposite pattern in the cool-temperate needleleaf forest region. Moreover, the spring phenology is more closely associated with the inter-annual variation of Tmax than that with Tmin in the preseason period. In contrast with the response of SOS to preseason temperature, the SOS showed a weak positive correlation with winter temperature. For the effects of precipitation on SOS, a positive correlation with winter precipitation were found in zones of cool-temperate needleleaf forest region, whereas obvious correlations with preseason precipitation were observed for the whole vegetation zones. It confirmed that SOS was mainly controlled by preseason temperature and precipitation in Northeast China. Variations of correlation coefficients between snow phenology and forest growth along temperature and precipitation gradients for each biome over Northeast China from 2004 to 2018. The letters a-d represent the correlation coefficients between snow phenology and winter climate factors in the cool-temperate needleleaf forest region, temperate needleleaf and broadleaf mixed-forest region, warm-temperate deciduous broadleaf forest region, and temperate steppe region, respectively. The letters e-h represent the correlation coefficients between snow phenology and climate factors during SCED and SOS in the cool-temperate needleleaf forest region, temperate needleleaf and broadleaf mixed-forest region, warm-temperate deciduous broadleaf forest region, and temperate steppe region, respectively. The numbers 1-3 represent the correlation coefficients between SCOD and SOS, SCD and SOS, and SCED and SOS, respectively. The crosses (×) indicate the pixels with significant correlation (p<0.05).
F. COMBINED TEMPERATURE AND PRECIPITATION AFFECT THE RESPONSES OF SPRING PHENOLOGY TO SNOW COVER DYNAMICS
We found a strong clustering of snow cover on forest dynamics over the hydrothermal gradients, but responses varied substantially in different biomes (Fig. 7) . With the increase of winter temperature and precipitation, SOS of most regions exhibited positively correlated with SCOD, except for the temperate needleleaf and broadleaf mixed-forest region. It indicated that the relationship between SCOD and SOS in Northeast China was less affected by hydrothermal conditions. The responses of SOS to SCD also varied in different vegetation zones and hydrothermal gradients. However, the relationship between SOS and SCD was opposite to that of SCOD. Moreover, in the same case of precipitation, low winter temperature exhibited a positive correlation with SOS in cool-temperate, but this condition became negative correlations with increasing temperature. In the temperate steppe region, the positive correlations were observed in the cold regions (< −22 • C), while warm areas showed negative relationships.
The correlations between snow cover phenology and SOS over the different hydrothermal gradients in preseason periods were further analyzed. In the cool-temperate needleleaf forest region, it is found that SOS had a positive relationship with SCOD, and negative relationship with other snow cover phenology parameters (e.g., SCD and SCED). The negative correlations between SCOD and SOS were mainly seen in the temperate needleleaf and broadleaf mixed-forest region which located in regions with a daily mean temperature between −10 • C and 0 • C. In addition, SOS had positive correlations with SCD and SCED in mild temperature conditions. Furthermore, we also found that a similar situation occurred in the warm-temperate deciduous broadleaf forest region. In comparison, in the same case of precipitation, the lower and higher temperature had positive correlations between SOS and SCOD, and negative correlations with SCD and SCED.
IV. DISCUSSION
A. THE RESPONSE OF THE SOS TO SNOW COVER DYNAMICS
Several studies had demonstrated that the variations of snow cover would change energy exchange and water cycling, and have significant effects on vegetation phenology [49] , [50] . Nevertheless, the responses of SOS to snow cover variation were not constant in magnitude and direction and varied in different regions and vegetation types. As shown in Fig. 5 , SOS showed a positive correlation with SCOD, but was negatively correlated with SCED and SCD in most regions of Northeast China. It indicated that prolonged SCD would advance SOS. In general, more snow could provide more water in the subsequent growing season [51] . Meanwhile, snow cover could keep a stable soil temperature, which can protect the forest root system from the frost [52] . The spatial distribution of the response relationship between SOS and SCED showed similar spatial patterns to SCD, which suggests that later SOS usually associated with earlier snowmelt. Earlier snowmelt may expose the soil to freezing events and decrease the soil moisture [53] . In contrast, positive correlations were found in most regions of Northeast China with a later SCOD. Later development of winter snow cover would cause microbial mortality and gaseous losses of nitrogen, which was not beneficial to the forest growth in the following year [54] .
B. INTERACTING EFFECTS OF TEMPERATURE AND PRECIPITATION ON RESPONSES OF SOS TO SNOW COVER DYNAMICS
Forest under different ambient climate conditions may have diverse responses to snow cover dynamics, so we further analyzed the relationship between spring phenology and snow cover dynamics along temperature gradient and precipitation gradient. In Northeast China, snow cover melt date occurred from late February to middle March, and the forest began to grow after middle April. In most regions of Northeast China, vegetation phenological shifts have been unequivocally attributed to climate change, particularly to the variability in temperature and precipitation [55] , [56] . In this study, snow cover melt date occurred from late February to middle March, and the forest began to grow after middle April. For temperature during the period from SCED to SOS, SOS showed a positive correlation in large regions, which indicated that the SOS would delay with warmer preseason temperature. This finding was consistent with previous results [57] - [59] . Moreover, the spring phenology was more closely associated with the inter-annual variation of Tmax than that with Tmin. That might be because that vegetation needs certain thermal conditions-cumulative temperature above some threshold to begin its spring growth after a cold winter [60] . Before the green-up of forest in Northeast China, Tmax is more likely to contribute more to achieve the thermal requirement for green-up than Tmin. Additionally, the increasing preseason Tmin would also reduce the risk of frost damage. In terms of the response of SOS to winter temperature, our results indicated that warmer winter temperature might have a delaying effect on SOS. One possible reason was that increasing winter temperature would reduce the accumulation of snowpack, which may lead to the reduction in water availability for forest growth in the following year and increasing the preseason precipitation requirements. Meanwhile, increasing winter temperature could exacerbate drought effects, thereby delaying the onset of green-up for the forest in Northeast China. In addition, our results also found that precipitation had an important impact on SOS variation. Most regions had a significant negative correlation between SOS and preseason precipitation over Northeast China, indicating that increasing precipitation failed to facilitate forest green-up. The possible reason was that preseason precipitation could reduce the temperature, which would lead to increasing the possibility of frost damage [61] , [62] . Similar to the preseason precipitation, increasing winter precipitation would also advance the forest spring growth. In general, increasing winter precipitation would increase the amount of water used by vegetation during the subsequent growing season. On the other hand, a large amount of winter precipitation might result in thicker-thannormal snow cover on the surface and then lead a longerlasting snow cover duration. Meanwhile, the anomalously larger snow cover would reduce the absorption of solar radiation and consume more heat to melt the snow [18] . As a result, increasing snowmelt heat flux would lead to lower spring temperature, which is triggering the spring green-up. These results also confirm that both temperature and precipitation impact the response of forest spring phenology to snow cover dynamics.
V. CONCLUSION
Climate has changed significantly during the past decades, and understanding the relationship between forest growth and snow cover is vital for global change studies. In this study, we estimated the SOS using MODIS-derived PPI and dynamic threshold method, and also investigated the spatiotemporal variability of forest spring phenology and snow cover dynamics in Northeast China. Furthermore, the influences of the temporal and spatial variability of snow cover, temperature, and precipitation on the spring phenology during the period of 2004-2018 were clarified. The major findings and conclusions are summarized below:
1) The mean values of the spring forest phenology in Northeast China from 2004 to 2018 ranged from the 100 to 130 DOY and exhibited an advancing trend at a rate of 0.79 days/yr. 2) In general, SCOD mainly ranged from 280 to 330 DOY.
The average SCED is primarily between 10 and 70 DOY. SCD mostly varies from 70 to 170 DOY. Most regions experience significant advancing trends in SCOD at a rate of 0.13 days/yr, and the increasing trend in SCED and SCD with a rate of 0.26 and 0.38 days/yr, respectively. 3) In addition, the snow cover duration and ending dates play negative roles in advancing spring phenology, whereas winter snow cover onset date exerts a positive influence on the SOS, except for temperate needleleaf and broadleaf mixed-forest region. 4) Preseason temperature exhibited strong negative controls on promoting the forest growth, whereas the influence of winter temperature was weaker and positive for forest green-up. Furthermore, the SOS was negatively correlated with precipitation in winter and preseason period except for forest in the cool-temperate needleleaf forest region. This study shows the important role of snow cover dynamics in forest spring growth over Northeast China, which is crucial for future improvements in dynamic forest activities in response to climate change. The climate variables used in this study provide a partial explanation for forest growth in spring phenology, in the future, more researches are needed to explore the effect of many other factors (e.g., permafrost degradation, the frequency of extreme events and human activities) controlling forest growth dynamics.
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